RNA-binding proteins (RBPs) are proteins that bind to single-or double-stranded RNA to form ribonucleoprotein (RNP) complexes, which play important roles in regulating post-transcriptional processes such as splicing, polyadenylation, capping, modification, mRNA stabilization, and mRNA localization (1) (2) (3) (4) . Therefore, RBPs are extensively involved in processes ranging from development to stress responses. Abnormal expression of RBPs affects many stages of RNA metabolic processing and alters gene expression patterns. Given that changes in RBP expression patterns and functional abnormalities are related to many diseases, such as cancer, identification of the properties of RBPs involved in RNA interactions is essential to studies of RNA regulatory processes and related diseases. While the importance of RBPs has been recognized, and several types of RBPs have been identified in various organisms, including plants, animals, and microbial species (5), many RBP functions have yet to be defined, and there is insufficient information on the interactions between RNA and RBPs, which are essential to identify their functions.
For analysis of RNA-RBP interactions, systematic evolution of ligands by exponential enrichment (SELEX) and cross-linking immunoprecipitation (CLIP) have been used to determine the consensus sequences for RNA binding to RBPs. SELEX involves the construction of a randomly generated nucleic acid library, followed by binding of the library to the target ligand (6, 7) . A partitioning process is used to select and isolate sequences with high binding capacity, and these are then amplified using PCR. Multiple cycles of this selection-amplification process increase the proportion of nucleic acid sequences within the pool that bind the target ligand, and the final stage of selection yields sequences with high affinity for the target ligand. The amplified DNA is then cloned, and its nucleotide sequence is analyzed. However, the size of the library is limited, it is difficult to determine the optimal conditions for selection, and repeating multiple cycles is time-consuming (8, 9) .
CLIP involves cross-linking of target RNA and proteins, followed by immunoprecipitation of RNA-bound protein complexes using a specific antibody in order to select the RNA fragment bound to the RBP (10) (11) (12) . Types of CLIP include photoactivatable-ribonucleoside-enhanced CLIP (PAR-CLIP), high-throughput sequencing of RNA isolated by CLIP (HITS-CLIP), and individual nucleotide resolution CLIP (iCLIP) (13) (14) (15) . All current CLIP methods require relatively large amounts of cells or tissue to obtain libraries that contain the transcriptome (16) . Moreover, all CLIPbased experimental methods suffer from the possible selection of highly expressed RNA-protein interactions play a major role in gene regulation. Although many techniques to analyze RNA-protein interactions have been developed, noteworthy challenges such as determining the RNA sequences that bind RNA-binding proteins (RBPs) remain unsolved. Here, we describe a novel technique using a 4-thio-uridine-incorporated RNA pool to identify the RBP-binding consensus sequences for RBPs produced by in vitro transcription and translation. To confirm the fidelity of this approach, we determined the consensus RBP-binding sequence for RBFOX2, UGC(A/U)(A/U)NU, which is very similar to the known RBFOX2-binding sequence, UGCAUG. Using our method, consensus RBP-binding sequences were determined for three RBPs, namely FUS (fused in sarcoma), SFPQ (splicing factor proline and glutamine rich), and SAM68 (Src-Associated substrate in Mitosis 68 kDa). The consensus RBP-binding sequences for these RBPs were confirmed by RNA-protein complex immunoprecipitation-PCR analysis.
Reports

METHOD SUMMARY
We developed a novel technique wherein a 4-thio-uridine-incorporated RNA pool is used to identify the consensus RNA binding site sequences for RNA binding proteins (RBPs) produced by in vitro transcription and translation. Recently, various improved methods have been developed to identify RBP-binding consensus sequences; however, most of these methods are limited to mapping and analyzing data sets. Furthermore, alternatives are required to overcome the limitation of selection based on RNA abundance, rather than on binding affinity. Here, we report a new RNA SELEX method using a 4-thio-uridine-incorporated RNA pool that does not depend on target RNA abundance and does not require large amounts of cells or tissue. RBFOX2 (RNA-binding protein, fox-1 homolog 2), a well-characterized RBP with a known consensus sequence, was used to validate this new technique. The technique was then used to identify the consensus sequences of the RBPs FUS (fused in sarcoma), SFPQ (splicing factor proline and glutamine rich), and SAM68 (Src-associated substrate in mitosis, 68 kDa).
Materials and methods
Oligonucleotide library and preparation of 4-thio-uridine-incorporated RNA pool
The oligonucleotide library that was used contains different single-stranded DNA sequences, each with a central random region (20 nucleotides) flanked by constant sequences for primer binding during PCR amplification. The random DNA library was converted to a double-stranded DNA library by PCR amplification with a T7 promoter site 5´-TTG TAA TAC GAC TCA CTA TAG GG-3´; sense primer 5´-CGG GAT CGC CTG CAG GAC-3´ (P1); and antisense primer 5´-CTA AGC TAG CTG ACG GAT CC-3´ (P2). A 4-thio-uridine-incorporated RNA pool was synthesized from this double-stranded DNA library by T7 RNA polymerase in the presence of 4-thio-UTP using a MAXIscript kit (Ambion/Thermo Fisher Scientific, Waltham, MA).
Preparation of RBPs and immunoblot analysis
The full-length coding regions of the RBFOX2 (NM_001031695), FUS (NM_004960), SFPQ (NM_005066.2), and SAM68 (NM_006559.2) cDNAs were introduced into the plasmid pCS3+MT, which contains the T7 promoter and six copies of myc epitopes. These Myc-RBPs were synthesized in vitro from the pCS3+MT constructs using the TNT Coupled Reticulocyte Lysate System (Promega, Madison, WI). Samples were separated on a NuPAGE 4%-20% Bis-Tris Gel (Thermo Fisher Scientific), and transferred to a nitrocellulose membrane. The membrane was blocked with PBS containing 5% skimmed milk, incubated overnight at 4°C with anti-myc antibody in the blocking solution, and washed 3× with PBS containing 0.05% Tween-20. The binding of horseradish peroxidaseconjugated secondary antibody (Abcam, Cambridge, UK) was detected using the SuperSignal system (Thermo Fisher Scientific). Anti-myc antibody (1:5000) (RRID: R950-25, AB_2556560) was obtained from Thermo Fisher Scientific (Waltham, MA).
RNA-protein complex immunoprecipitation and selection
Binding of a myc-RBP with the 4-thio uridine-incorporated RNA pool was carried out in a reaction containing 10 mM HEPES, pH 7.9, 2 mM MgCl 2 , 1 mM ATP, 20 mM creatine phosphate, 50 ng yeast tRNA, 2 mM DTT, and 2% polyethylene glycol (molecular weight 3550) for 20 min at 30°C. The reaction mixtures were irradiated with 365-nm UV light for 20 min on ice and then immunoprecipitated with the anti-myc antibody using a Magna RIP kit (EMD Millipore, Billerica, MA) according to the manufacturer's instructions. After DNase I and proteinase K digestion, the RNA recovered from the complexes was reverse-transcribed using SuperScript III reverse transcriptase (Thermo Fisher Scientific) with the primer 5´-CTA AGC TAG CTG ACG GAT CC-3´ (P2). The following PCR primers were used to amplify the cDNAs of the RBP-bound RNA: 5´-CGG GAT CGC CTG CAG GAC-3´ (P1) and 5´-CTA AGC TAG CTG ACG GAT CC-3´ (P2). The PCR products were then cloned in the TOPO-T vector (Invitrogen) and sequenced.
For the RIP-PCR analysis, oligonucleotides containing RBP-binding sequences (Supplementary Table S1 ) with a central region (20 nucleotides) flanked by constant sequences for primer binding during PCR amplification and the T7 promoter for RNA transcription were used to synthesize the RNAs. The RBP-RNA complexes were immunoprecipitated with the anti-myc antibody without irradiation using a Magna RIP kit according to the manufacturer's instructions. The RNAs recovered from the complexes were subjected to RT-PCR to amplify RBP-binding RNAs. The following PCR primers were used to obtain the cDNAs for the RBP-binding RNAs: 5´-CGG GAT CGC CTG CAG GAC-3´ (P1) and 5´-CTA AGC TAG CTG ACG GAT CC-3´ (P2). The end products of the RT-PCR were visualized by agarose gel electrophoresis on a 2% agarose gel.
Binding site analysis
The Multiple Expression Motifs for Motif Elicitation (MEME) program version 4.11.2 web site (http://meme-suite.org/) was used to identify the consensus sequences. Parameters were set to discover sequences 6-11 nucleotides in length.
Results and discussion
In vitro technique to identify RNA sequences binding to RBPs To identify consensus RNA sequences bound by RBPs, an oligonucleotide library consisting of single-stranded DNA sequences with a 20-nucleotide random region in the center and primer binding sequences at each end for PCR amplification was constructed in vitro ( Figure  1) . This random oligonucleotide library was amplified by PCR for conversion into a double-stranded DNA library and the addition of a T7 RNA polymerase promoter sequence. T7 RNA polymerase was then used in the presence of 4-thio-UTP, a photoactivatable ribonucleoside analog, to synthesize a 4-thio-uridine-incorporated RNA pool from the double-stranded DNA. This method resulted in a similar abundance of each RNA molecule in the pool, thus ensuring that binding affinity was the only factor influencing the selection. Myc-tagged RBPs were synthesized by in vitro transcription and translation, mixed with the 4-thio-uridine-incorporated RNA pool, and then UV-crosslinked at 365 nm. Use of a photoactivatable ribonucleoside allows for application of higher UV wavelengths, such as 365 nm, compared with the 254 nm wavelength traditionally used for crosslinking. This further simplifies protein-RNA binding, resulting in 100-to 1000-fold improvements in RNA co-immunoprecipitation efficiency using the same amount of UV radiation energy (13) . Crosslinked RNA-protein complexes were immunoprecipitated with the anti-myc antibody and then proteinase K-digested to isolate crosslinked target RNA fragments. Reverse transcription of the isolated RNA was performed with the P2 primer, and PCR amplification was conducted using the P1 and P2 primers. Finally, the PCR product was cloned in the T-vector, and the RNA sequences binding to the RBP were identified by sequence analysis.
Immunoblot analysis using anti-myc antibody was done to confirm the proper synthesis of the myc-tagged RBPs; RBFOX2, FUS, SFPQ, and SAM68 were found at the expected sizes (Figure 2A ). To determine whether RNA isolated from the immunoprecipitated RNA-protein complex was contaminated by dsDNA, cDNA synthesized by reverse transcription (RT) and RNA not subjected to RT were amplified by PCR. The PCR products were compared by electrophoresis on a 2% agarose gel, and the results showed only PCR products for the samples that underwent RT ( Figure 2B ). To avoid indirect interactions between an RBP and RNAs that were not crosslinked, we performed RNA-protein immunoprecipitation without crosslinking. As expected, no PCR products without UV-crosslinking were observed (data not shown). There were no PCR products in an empty vector control, suggesting that the PCR products are derived from RBP-bound RNAs.
Applications of the technique
RBFOX2 is a key regulator of alternative splicing and binds to a well-conserved consensus sequence, (U)GCAUG, as confirmed by SELEX and CLIP (17, 18) . We applied our newly developed method to RBFOX2 and compared the results obtained to a well-known consensus sequence. The MEME program was used to analyze 88 sequences, which were confirmed by sequencing analysis, to determine the consensus RBP-binding sequence for RBFOX2 using our method (Supplementary Table S2 and Figure 3A) . The results showed that 13 sequences contained UGC(A/U)(A/U)NU, accounting for 15% of the total sequences observed. This result is supported by the previously known consensus sequence, UGCAUG, and reflects the high accuracy of our new method. The second consensus sequence identified was A(U/A)C(G/A)AA(A/C) (A/C)NG, accounting for 6% of the total sequences observed.
Using our method, the consensus RBP-binding sequences for FUS and SAM68 were identified and compared with the previously known sequences, while the consensus sequence for SFPQ was newly identified (Supplementary Table 2 , Figure  3B-D) . FUS binds to a known sequence, GGUG, and encodes the multifunctional protein component of the heterogeneous nuclear ribonucleoprotein complex, which is involved in pre-mRNA splicing and cytoplasmic export of fully processed mRNA (19) . Analysis of the consensus RBP-binding sequence for FUS revealed 7 AGN(A/C)(A/G)NNNUG sequences, accounting for 9% of the 80 sequences observed ( Figure 3B ). Furthermore, G(A/C) UN(U/C)(G/C)A(A/G)UG and GCU(U/G) C(C/G)A(G/C)C each accounted for 5% of the total sequences observed. SFPQ interacts with polypyrimidine tract binding protein 1 (PTBP1), non-POU domaincontaining octamer binding protein (NONO), cell division cycle 5-like protein (CDC5L), and ubiquitin C and is associated with renal cell carcinoma and papillary and adrenal neuroblastoma through the GPCR signaling and mRNA splicing pathways Figure 3C ). The second identified consensus sequence was G(U/C)U(U/G) GNACCCA, which accounted for 4% of the total sequences observed. Finally, SAM68 binds to a known sequence, UAAA, and is involved in various cellular processes, such as alternative splicing, cell cycle regulation, RNA 3´-end formation, tumorigenesis, and human immunodeficiency virus gene expression (25) . The experimental results for SAM68 showed 5 GU(G/C)CN(G/C) (G/C)(C/A)(G/C)U sequences, accounting for 6% of the 91 sequences observed, whereas the sequence A(G/C)AAGG accounted for 3% ( Figure 3D ) of the total sequences.
Validation of the technique
Although the RBFOX2 consensus binding sequence determined in this study was highly similar to the known binding sequence, the consensus binding sequences obtained for the other RBPs differed from previously identified RNA sequences. To further examine the importance of the consensus RNA sequences determined in this study, we used RNA-protein co-immunoprecipitation-PCR to compare the binding of the RBPs to the RNAs and to RNAs mutated in their RBP-binding motifs (Figure 4 ). There were two copies of the consensus RNA sequences within the test RNAs. RBFOX2 bound more strongly to the consensus RNA sequences obtained in this study than to the known RBFOX2-binding consensus sequence ( Figure 4A) . Mutation of the RBFOX2-binding consensus sequence abolished RBFOX2 binding. A previous study showed that FUS binds to GGUGcontaining RNAs (26) . Stronger binding by FUS to the consensus RNA sequences obtained in this study than to the GGUGcontaining RNA was observed, and this binding was clearly reduced by transversion mutations in the FUS-binding RNA sequences ( Figure 4B ). The SFPQ consensus sequence was not identified previously. Binding of SFPQ to the consensus RNA sequences obtained in this study was observed by RIP-PCR, and this binding was clearly reduced by mutation ( Figure 4C ). The SAM68 consensus sequence was identified as U(U/A)AA by SELEX (27) . Binding of SAM68 to UAAA RNA was weaker than to the consensus RNA sequence obtained by our method ( Figure 4D ). The binding of SAM68 to the consensus RNA sequences was clearly reduced by transversion mutations in the SAM68 binding sequences. These results demonstrate that binding of the RBPs to the RNA consensus sequences obtained in this study is specific.
Here, we developed a novel technique in which a pool of 4-thio-uridine-incorporated random RNA sequences was used to identify the consensus RNA sequences for binding RBPs. This technique was applied to identify the consensus RBP-binding sequences for RBFOX2, FUS, SFPQ, and SAM68. Moreover, we confirmed the RBP-binding activity of the consensus RNA sequences obtained in this study and determined the fidelity of this technique for identifying RBP-binding consensus sequences.
SELEX was previously carried out using purified protein from Escherichia coli to identify the consensus binding sequences for RBPs. Although the efficiency of protein synthesis in E. coli is high, this bacterium cannot carry out post-translational modifications, such as glycosylation, for mammalian proteins because the cellular machinery used for glycosylation in mammals differs from that in E. coli. In addition, since there is no endogenous membrane structure that synthesizes integral membrane proteins and only native prokaryotic chaperones may exist, eukaryotic proteins may not fold correctly inside a bacterial cell in some cases. Because reticulocytes contain a native system for mammalian protein synthesis, eukaryotic cell-specific posttranslational processing such as ubiquitinconjugation, N-myristoylation, phosphorylation, isoprenylation, acetylation, signal peptide processing, and core glycosylation are possible. Protein post-translational processing, including modifications and folding, have been shown to influence protein function in eukaryotes (28) . Therefore, protein post-translational processing of RBPs may affect their RNA-binding specificities. In this study, rabbit reticulocyte lysate was used rather than E. coli for protein SELEX is not quantitative because it requires many rounds of PCR amplification and is biased toward the strongest binding motif. Because CLIP utilizes cells and tissues, it is restricted to specific cell types and contacts formed at specific time points. In addition, when a specific RNA sequence is expressed in large amounts, it is easy to select for even if its binding affinity for the RBP is low, whereas if its abundance is low, selection is more difficult even if its binding affinity for the RBP is high. Therefore, in this study, the disadvantages of SELEX and CLIP were overcome by our new technique. Because we use a random oligonucleotide library instead of RNA from cells and tissues, the sequences in the RNA pool had similar abundances, overcoming the disadvantage of conventional methods such as CLIP, which is influenced by the abundances of the target RNA sequences. In addition, our technique can be used to identify the overall range of binding motifs, from strong binding motifs to relatively lower-strength binding motifs. Occasionally, low-strength binding motifs are important. Therefore, when determining the consensus RNA sequence for binding a particular RBP, the overall range of binding motifs should be identified.
To overcome the limitations of conventional methods for identifying the consensus binding sequences for an RBP, several methods have been developed and refined, including RNA mechanically induced trapping of molecular interactions, RNAcompete, RNA-MaP (quantitative analysis of RNA on a massively parallel array), and RNA Bind-n-Seq (29) (30) (31) (32) . RNA mechanically induced trapping of molecular interactions quantifies the binding of a single protein for hundreds of RNA species using microfluidics and microarrays and is applicable when the RNA target is already known. RNAcompete uses fluorescently labeled protein-bound RNA and microarray analysis. Because this method uses sequences no more than ~8 nucleotides long in the initial RNA library, it may reveal shorter motifs than other methods. In addition, the number of probes analyzed and the commonly used low temperature makes it difficult to analyze the effect of RNA secondary structure on RNA binding. RNA-MaP uses a highthroughput sequencer to measure the binding of fluorescently labeled proteins to RNA. However, it includes a next-generation sequencing (NGS) step, which is relatively costly. RNA Bind-n-seq is a method optimized for analysis over different affinity ranges using different RBP concentrations, but it is as costly as RNA-MaP because of the NGS step.
In conclusion, using a 4-thio-uridineincorporated RNA pool to identify an RNA consensus sequence that binds to an RBP showed significant accuracy, as observed in experiments using RBFOX2. Furthermore, the limitations of methods affected by target RNA abundance, as in CLIP, were overcome by this method, and the consensus sequence was identified based on the binding affinity. This allowed the method reported in this study to analyze the consensus RNA sequences for binding RBPs such as FUS, SFPQ, and SAM68 in order to identify binding sites within physiological RNA targets.
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